Covalent triazine frameworks (CTFs) have been recently employed for visible light-driven photocatalysis due to their unique optical and electronic properties. However, the usually highly hydrophobic nature of CTFs, which originates from their overall aromatic backbone, leads to limitations of CTFs for applications in aqueous media. In this study, we aim to extend the range of the application media of CTFs and design hybrid material of a CTF and mesoporous silica (SBA-15) for efficient photocatalysis in aqueous medium. A thiophene-containing CTF was directly synthesized in mesopores of SBA-15. Due to the high surface area and the added hydrophilic properties by silica, the hybrid material demonstrated excellent adsorption of organic molecules in water. This leads not only to high photocatalytic performance of the hybrid material for the degradation of organic dyes in water, but also for efficient photocatalysis in solvent-free and solid state. Furthermore, the reusability, stability and easy recovery of the hybrid material offers promising metal-free heterogeneous photocatalyst for broader applications in different reaction media.
Introduction
Covalent triazine frameworks (CTFs) represent an interesting and novel class of porous organic polymers, which have considerable unique properties. In particular, the strong aromatic covalent bonds and the rich nitrogen content in the triazine unit endow CTFs with high chemical and thermal stability and desired electronic and optical properties [1] [2] [3] . These materials can endure harsh conditions such as acid or basic conditions. Moreover, the structure and functionalities of CTFs can be easily adjusted by careful selection of the monomers and corresponding building blocks, which offers an excellent tunability of their physical and chemical properties. From a synthetic view, CTFs can be easily constructed via a vast number of reaction routes by choosing readily available starting materials. All these special properties make CTFs attractive for various applications, such as separation and storage of gases [4, 5] , energy storage [6] [7] [8] , photocatalysis [9] [10] [11] [12] and heterogeneous catalysis [13, 14] .
Nevertheless, the impact of the adsorption properties of organic molecules on CTFs during the application process is not well understood yet. The adsorptive power is of keyimportance, particularly in the field of heterogeneous catalysis, where the catalytic reactions occurs at the surface rather than in the solution. Therefore, the surface properties of CTFs become critical for their catalytic efficiencies. In this regard, few studies were interested in investigating closely the adsorptive behavior of CTFs to organic compounds or pollutants. It has been found that these properties [11] [12] [13] depends partly on the surface chemistry of adsorbents [15, 16] . This statement was further confirmed by Kuhn et al. [17] . The authors have found out that good adsorption properties should be ideally achieved with a structure that have extremely high surface area, well defined porosity and good accessibility throughout the pore channel of the functional materials. Thus, the development of porous systems with well-defined morphology is highly beneficial for promoting the adsorption and diffusion of the target molecules and therefore enhancing the performance of the materials, here in particular of this study, the catalysis.
Herein, we report the design of a hybrid photocatalytic system consisting of a thiophene-containing CTF (CTF-Th) in a mesoporous silica (SBA-15) for visible-light promoted efficient degradation of organic contaminants in aqueous media. The presence of mesoporous silica in the hybrid material (CTF-Th@SBA-15) with an ordered mesoporous structure in SBA-15 made the designed system a highly suitable host matrix with two main benefits: (1) The high surface area and ordered pore structure can enhance the diffusion and adsorption of guest molecules, which can boost the photocatalytic efficiency of the CTF. (2) The added hydrophilicity of silica to the photocatalytic CTF can largely extend its application range from organic to aqueous media. The hybrid material consisting of CTF-Th and SBA-15 demonstrated excellent adsorption of organic molecules in water and excellent photodegradation performance of the dyes. Furthermore, after the quick adsorption of the organic dyes in water, the hybrid material also demonstrated its high photocatalytic activity in dry and solid state. Thus, such system opens up new opportunities for efficient adsorption of organic contaminants from water in a wider range of environmentally relevant applications.
Experimental
2.1 Materials 5-Dibromothiophene, copper cyanide, tetraethylorthosilicate (TEOS), trifluromethanesulfonic acid (TfOH), ferric chloride hexahydrate (FeCl 3 , 6H 2 O), hydrochloric acid (37%), copper (II) chloride (97%), ammonium oxalate (99%), sodium azide (99%), rhodamine B (99%), orange G and methylene blue (≥82%) and all other solvents were purchased from Sigma-Aldich. All chemicals and solvents were used without further purification.
2.2 Synthesis of 2,5-dicyanothiophene (DCT) 2,5-Dicyanothiophene was synthesized according to the reported literature [12] . Typically, 2,5-dibromothiophene (2.0 g, 8.3 mmol, 1 eq), CuCN (2.2 g, 24.6 mmol, 3 eq) and N,N-dimethylmethanamide (10 mL) were mixed in a 50 mL flash and heated at reflux at 140°C under an inert atmosphere of nitrogen for 12 h. After cooling down to 60°C , FeCl 3 •6H 2 O (13 g) in 2 mol•L -1 HCl (30 mL) was added and then mixed vigorously for 4 h. The reaction mixture was then cooled down to room temperature and extracted with dichloromethane (100 mL Â 3). The combined organic phase was washed with diluted HCl and Milli Q water, dried with anhydrous Na 2 SO 4 and concentrated under vacuum. The crude product was obtained as colorless needles (yield 54%) after being purified through a silica column using hexane: dichloromethane (1:1) as eluent. 13 C NMR (300 MHz, CDCl3) d 136. 93, 116.1, 111.91 ( Fig. S1 , cf. Electronic Supplementary Material (ESM)).
Synthesis of mesoporous silica SBA-15
Silica SBA-15 was synthesized according to the reported literature [12] . Simply, a mixture of 4.0 g pluronic P123, 30 mL of Mill-Q water and 120 mL of 2 mol•L -1 HCl aqueous solution was stirred at 35°C overnight. Then 9.1 mL of TEOS was slowly added into the solution under vigorous stirring. The mixture was first kept at 35°C for 24 h under static conditions, and then heated to 100°C for another 24 h. After collection by centrifugation; the resulting precipitate was washed with water, dried and calcined at 550°C in air for 4 h. The product was obtained as white solid powder.
Fabrication of CTF-Th@SBA-15
The CTF-Th@SBA-15 was obtained via TfOH vaporassisted solid phase reaction routine according to our previous work [18] . Typically, 200 mg vacuum-dried silica SBA-15 and 100 mg of DCT were first dispersed in 2 mL of tetrahydrofuran, then stirred for 2 h under vacuum. The resulting mixture was concentrated under vacuum to give the monomer casted precursor DCT/SBA-15 and further annealed at 80°C for 2 h. The precursor was then transferred into a conical flask, in which there was another vial with 0.3 mL TfOH. The conical flask was kept under an inert atmosphere of nitrogen, sealed and heated up to 100°C in an oil bath for 24 h. After cooling down to room temperature, the product was submerged in alkaline distilled aqueous ammonia (pH = 8 to 9) to remove the residual TfOH. Further purification was conducted by washing the sample with water and small volume of acetone, and then dried at 80°C under vacuum overnight. The solid catalyst was obtained as a yellow powder.
Characterization
Ultraviolet-visible (UV-Vis) absorption was performed at room temperature on a Perkin Elmer Lambda 100 spectrophotometer. Fourier Transform Infrared spectra (FTIR) were obtained on a Varian 1000 FTIR spectrometer. Solid-state cross-polarization magic angle spinning carbon-13 nuclear magnetic resonance measurements were carried out using Bruker Avance II solid state NMR spectrometer operating at 300 MHz Larmor frequency equipped with a standard 4 mm magic angle spinning double resonance probe head. The nitrogen sorption data were measured to determine the surface area and the pore size distribution; the data were recorded at 77.3 K on an Autosorb 1 using QuadraWin Software (Quantchrome instruments). The samples were degassed at 120°C overnight under high vacuum before analysis. High resolution transmission electron microscope (HR-TEM) images were performed on a FEI Tecnai F20 with an EDX detector, whereas Scanning electron microscope (SEM) images were acquired on a LEO Gemini 1530 (Carl Zeiss AG), using an in lens SE detector. Cyclic voltammetry (CV) measurement was performed using an Autolab PGSTAT204 potentiostat/galvanostat (Metrohm). Glassy carbon electrode drop-casted with the polymer as the working electrode, Pt wire as the counter electrode, Hg/ HgCl (in saturated KCl solution) electrode as the reference electrode, Bu 4 NPF 6 (0.1 mol·L -1 in acetonitrile) was used as electrolyte. The water contact angle measurements were recorded by Data Physics OCA 35 (Optical Contact Angle) device, with water droplet volume of ca. 5 µL, placed with a motor-driven syringe onto the sample surface. The photocatalytic performance of CTF-Th@SBA-15 was first tested for the degradation of Rhodamine B (RhB) in aqueous solution. A mixture of CTF-Th@SBA-15 photocatalyst dispersed in water (0.3 mg·mL -1 ) and RhB solution (50 mg·L -1 , 10 mL) was stirred under dark condition for 60 min in order to reach the adsorption/ desorption equilibrium between the catalyst and the solution. Then, the mixture was irradiated with blue LED lamp (l = 460 nm, 0.16 W·cm -2 ) during different time intervals in air. Changes in RhB concentration were monitored using UV-Vis spectroscopy. A control experiment with the reaction mixture under N 2 , therefore, without oxygen in the reaction, was also performed. The reaction was also tested using pure CTF-Th (without SBA-15) as photocatalyst and under the same conditions. The radical scavenger experiments were performed using ammonium oxalate, copper chloride, sodium azide and catalase, in excess (0.05 mmol·L -1 ). Each of the radical scavengers was added to a mixture of CTF-Th@SBA-15 (3 mg, 10 mL) and RhB solution (50 mg·L -1 ).
For the solid-state photodegradation experiment, the procedure is described as below: 25 mg of CTF-Th@SBA-15 were added to an aqueous solution of RhB (50 mg·L -1 , 10 mL) and vigorously stirred for at least 1 h, until the dye particles were completely adsorbed on the surface of the catalyst. Then, the dispersion was filtrated under vacuum and the resulting solid was simply collected. Afterwards, the dried dye-adsorbed catalyst was casted on a flat surface of tape to form a thin layer of powder. The blue LED lamp was also used continuously in this experiment by placing it 1 cm ahead from the powder layer. The dye degradation was monitored by the measurement of the UV-Vis spectra after certain time intervals. The reaction is considered as finished when the catalyst reacquired its initial color (yellow), due to the complete degradation of the dye particles. Note that two more organic dyes such as methylene blue (MB) and orange G (OrG) were tested following the same procedure described above.
Results and discussion

Materials synthesis and characterization
CTF-Th@SBA-15 was synthesized onto mesoporous silica SBA-15 via cyclization polymerization of DCT under TfOH vapor, obtaining CTF-Th@SBA-15 as a type of mesoporous nanoreactor. The synthetic pathway with detailed characterization methods of the materials are described in Section 2. The hybrid photocatalyst was obtained as an insoluble yellow powder with the structure shown below ( Fig. 1(a) ). HR-TEM revealed two-dimensional (2D) hexagonal channels of the CTF-Th@SBA-15, as displayed in Fig. 1(b) . SEM confirmed the hexagonal cylinder morphology with a diameter of ca. 500 nm (see Fig. 1(c) ).
The nitrogen gas sorption isotherms and pore size distributions are displayed in Fig. S2 (cf. ESM). A typical hysteresis at a relative pressure of 0.4 < P/P 0 < 0.8 for mesopores is shown for both pristine of SBA-15 as well as the CTF-Th@SBA-15. The corresponding data are summarized in Table 1 . The Brunauer-Emmett-Teller (BET) surface area of CTF-Th@SBA-15 was measured to be 374 m 2 •g -1 , with a pore volume of 0.59 cm 3 •g -1 , which is lower than the BET surface area of pristine SBA-15, which is 596 m 2 •g -1 with a pore volume of 0.9 cm 3 •g -1 . Note that CTF-Th@SBA-15 exhibited a narrower pore size distribution at ca. 4.1 nm comparing to that of the pristine SBA-15 of ca. 5.4 nm. This confirms the formation of layer of CTF-Th of an average thickness of ca. 1.3 nm in the mesopores of SBA-15. In contrast, pure CTF-Th exhibited very low BET surface area due to the absence of the mesoporous channels, as shown in our previous study [12] .
FTIR spectra ( Fig. 1(d) ) showed two intensive peaks at 1486 and 1341 cm -1 , which can be assigned to the aromatic C-N stretching and breathing modes in the triazine unit. Figure 1(e) illustrates the UV-Vis DR spectra of the CTF-Th@SBA-15. The latter showed a broad absorption up to ca. 570 nm. An optical band gap of 2.39 eV could be calculated. These values showed that the as-prepared CTF-Th@SBA-15 is a semiconductor that can be excited by visible light. To gain further insight into the electronic properties, CV measurements were conducted to reveal the energy band structure of the designed material. The electronic band position of the CTF-Th@SBA-15 is displayed in Fig. 1(f) . The corresponding highest occupied molecular orbital level at +1.72 V vs. SCE could be estimated by subtracting the lowest unoccupied molecular orbital (LUMO) level from the optical bandgap (Fig. S3 , cf. ESM), indicating a possible high oxidative power of CTF-Th@SBA-15.
To address the wetting property of the hybrid CTF-Th@SBA-15 with respect to water, the contact angle of a water droplet on the corresponding surface has been measured. The wettability of the pure CTF-Th and pure SBA-15 has been also evaluated as references. The images are shown in Fig. S4 (cf. ESM) . It was found that water had a contact angle of 24°on the surface of the hybrid CTF-Th@SBA-15, while this contact angle was of 141°on the pure CTF-Th, of hydrophobic nature. Such a low value ( < 90°) based on the reported literature [19] confirms the gained hydrophilicity of the CTF-Th@SBA-15 due to the presence of SBA-15 and explains the excellent dispersibility into water.
Photocatalytic performance
The as-prepared CTF-Th@SBA-15 was used for the photodegradation of RhB in aqueous medium and under visible light illumination (l = 460 nm, 0.16 W•cm -2 ). Figure 2(a) shows the degradation results of RhB using the CTF-Th@SBA-15 as photocatalyst. The concentration of RhB decreased sharply within 8 min of reaction and gradually reached zero after 16 min of reaction. This observation is with accordance to the photographs of RhB solutions before and after 16 min of light irradiation (Fig. S5, cf. ESM) . The dye solution, although in a high concentration (50 mg·L -1 ), became completely colorless within 16 min, which means that the RhB molecules were totally degraded. Thus, CTF-Th@SBA-15 was found to be an excellent catalyst for photodegradation of RhB under visible light illumination. For quantitatively determining the photodegradation rate of RhB, the ln(C/C 0 ) vs. time plot (Fig. 2(a) inset) was also obtained according to the UV-Vis absorption intensity at 570 nm. The degradation process conforms to a first order kinetic equation since the ln(C/C 0 ) vs. time plot was linear with a high photodegradation rate of RhB (0.3651 min -1 ). In contrast, pure CTF-Th, which was used as reference, shows low photodegradation rate of 0.0850 min -1 (Fig. S6 ). The enhanced photocatalytic efficiency could be explained by three key points: (i) high BET surface area (374 m 2 ·g -1 ) of the hybrid system, which offers a large reactive interface during the catalytic process, (ii) very efficient diffusion of the dye molecules within the mesopores and (iii) excellent adsorption ability in water toward dyes molecules caused by SBA-15 [20] . To investigate the reaction mechanism and reveal the responsible species involved in the reaction process, we conducted a number of control experiments using CTF-Th@SBA-15 as photocatalyst. As shown in Figs. 2(b) and 2(c), in the absence of light, almost no degradation of RhB occurred (rate = 0.0066 min -1 ), whereas under oxygen-free atmosphere, the reaction can still occur but with a very low degradation rate (0.039 min -1 ). It is important to mention, that in the photodegradation process of organic dyes in water, it is well known that the reactive species such as superoxide (O 2 -), singlet oxygen ( 1 O 2 ), and the photogenerated hole (h + ) play important roles in the photocatalytic process [21] [22] [23] . To underline the contribution of these active species in the RhB degradation using CTF-Th@SBA-15, further control experiments were carried out using the following radical scavengers: catalase as H 2 O 2 scavenger, sodium azide (NaN 3 ) as the 1 O 2 scavenger, copper chloride (CuCl 2 ) as the O 2 scavenger, and ammonium oxalate (AO) as the h + scavenger. Visibly, the addition of copper chloride in the reaction led to an expressive decrease in the photodegradation process of RhB to 0.0395 min -1 compared to 0.3651 min -1 under normal conditions. This result confirmed the ability of CTF-Th@SBA-15 in forming radical oxygen species by reducing oxygen under visible light irradiation, which was already proven in our previous work [12] . These species are responsible for the degradation of RhB, with the main contribution of superoxide (O 2 -). Additionally, the photocatalytic reaction rates decreased significantly by the addition of catalase as H 2 O 2 scavenger (0.0658 min -1 ), Aluminum oxalate as the hole scavenger (0.0929 min -1 ), sodium azide as singlet oxygen scavenger (0.1474 min -1 ). Therefore, all elements such as the photogenerated hole, active oxygen species, in-situ generated H 2 O 2 play a role in the direct photooxidation of RhB [24] . Based on the observations drawn from the experiments described above, we could suggest the following reaction mechanism as shown in Fig. 3 : under light irradiation, the charge separation, that occurs within the hybrid CTF photocatalyst, generates electron-hole pairs. The photogenerated hole oxidizes RhB molecules, possessing an oxidation potential of + 0.85 V vs. SCE [25] . In the same time, the electron from the LUMO of the CTF-Th@SBA-15 assisted the reductive activation of molecular oxygen into superoxide (O 2 -), which further react with the oxidized RhB molecules causing the degradation of RhB [26] . Note that singlet oxygen ( 1 O 2 ), originating either from energy transfer or from secondary reactions, also took part in the mechanism [27, 28] . As we have mentioned previously, the efficient photocatalytic activity of CTF-Th@SBA-15 could be partly attributed to the adsorptive power of SBA-15 present in the photocatalytic system. In order to prove it, we carried out the photodegradation of RhB in solid-state rather that in aqueous medium (Section 2). As shown in the photographs in Fig. 4(a) , the RhB molecules adsorbed clearly on the surface of the CTF-Th@SBA-15, in which the color turned to dark pink. The dye-adsorbed photocatalyst was then subjected to blue light irradiation and the results are presented in Fig. S7 (a) (cf. ESM). The UV-Vis peak at around 570 nm was very strong for the RhB solution without photodegradation. However, the peak was sharply attenuated after 16 min of reaction and disappeared after 28 min of illumination. Its concentration gradually reached zero with a rate of 0.1197 min -1 (Figs. 4(b) and 4(c) ). Chen et al. [20] explained this result by a possible establishment of a strong hydrogen bond interaction between a large number of active hydroxyls on the surface of mesoporous silica and the nitrogen atoms or carbonyl in RhB dye molecules. Note that the degradation rate of RhB over CTF-Th@SBA-15 in solid state was three times lower than in water (0.3651 min -1 ). This might be due to the better diffusion the dye molecules into the mesopores in aqueous solution. To further confirm the high adsorption properties of the hybrid photocatalytic system, two more dyes such as MB and OrG were tested and subjected to light irradiation. Samely, the catalyst's color, initially yellow, turned to green in case of MB and orange in case of OrG as shown in Fig. 4(a) , testifying the good adsorption of the dye molecules on the surface and thus confirming the result described above. The concentration of MB decreased gradually and reached almost zero within 80 min, with a very low degradation rate of 0.0301 min -1 . In contrast, the OrG photodegradation was faster (0.1322 min -1 , cf. Figs. S7(b,c) of ESM).
Conclusions
In conclusion, a thiophene-containing covalent traizine framework (CTF-Th) on a mesoporous silica SBA-15 was prepared via cyclization polymerization of dicyanide monomer and under TfOH vapor in a solid state synthesis. The as-prepared CTF-Th@SBA-15 was found to be an efficient, visible-light-active photocatalyst for complete dyes removal both in solvent and dry state. The presence of mesoporous silica SBA-15 played a key role in the rapid degradation of RhB, either in aqueous medium or in solid state. A high capacity removal of methylene blue and orange G over the hybrid photocatalytic system in solid state was also demonstrated. This could likely be due to the high surface area that SBA-15 imparts to the photocatalytic system as well as its high adsorption capacity toward organic dye molecules. We believe that this study could strength the use of CTFs as a highly efficient visible light photocatalyst for a broader application field and particularly the contaminants removal and water treatment.
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